
Abstract Flooding caused by tropical cyclones, tsunami, and

many other phenomena is one type of natural disaster that occurs

all around the world. While these disasters cannot be prevented,

the communities can be made more resilient and damages caused

by them to lives and infrastructure can be minimized by

developing early warning systems. Microwavebased systems

provide a noncontact measurement setup to monitor water level,
thus requiring lowmaintenance and operation costs. In this paper,

a DCcoupled 5.8GHz interferometry radar was designed and
tested by observing water level in a barrel, which had water

poured in and drained out over a longtime period. By adding
more gains to the RF chain and removing the gain in the baseband,

the proposed waterlevel monitoring radar system eliminates the

requirement of complex DC tuning structure in the previous

works. The experiment demonstrated that the proposed water
level monitoring radar system was able to accurately measure the

relative position of water with mmaccuracy.

Keywords Interferometry radar, dccoupled, displacement

measurement, large displacement, waterlevel

This full text paper was peerreviewed at the direction of IEEE Instrumentation and Measurement Society prior to the acceptance and publication.



distance between the target and the radar. However, FMCW 

radars demands a large signal bandwidth and pulsed radars lack 

necessary accuracy [6]. Interferometry radar is one of the most 

effective and low-cost systems to measure high sensitivity 

motion with mm-accuracy. An interferometry radar has been 

used to successfully monitor the change of water levels [7].

However, as shown in Fig. 1, a complex DC tuning structure was 

required to compensate the DC offsets introduced by T/R 

leakage and reflections from stationary clutters. In addition, the 

DC offsets need to be continuously calibrated during the 

measurement, which makes the baseband signal processing 

complicated.

In this paper, a 5.8-GHz interferometry radar is used to 

monitoring the change of water levels in a barrel. Compared with 

the previous work [7], the proposed DC-coupled 5.8-GHz 

interferometry radar has more gain in the RF domain in the 

receiver chain. In the baseband, a level shifter is used to make 

sure the baseband signals are in the voltage range of the analog-

to-digital convertors (ADCs). With this configuration, the 

proposed interferometry radar alleviates the need of dynamical 

DC tuning structure and algorithm. Two-channel ADCs from a 

micro-controller are used to sample the baseband data. The 

digital data is transmitted through Zigbee and recorded by a 

computer. A 10.5-hour long-term experiment has been taken to 

evaluate the capability of the proposed water-level monitoring 

interferometry radar. During the experiment, a barrel was filled 

and drained at varying time intervals. The arctangent 

demodulation was utilized to calculate the change of water levels 

during the monitoring period. Compared with the measuring 

tape, the proposed interferometry radar can accurately monitor 

the change of water levels in a long time.

The paper is divided into four sections. Section II outlines 

the theory. Section III discusses the measurement setup and the 

results. Conclusions are drawn in Section IV.

II. THEORY AND RADAR DESIGN

A. Theory

As shown in Fig. 2, the general architecture of an 

interferometry radar contains a single tone generator (i.e., an 

oscillator), a pair of antennas, several stages of amplifiers, a

mixer, a low-pass filter (LPF) and a baseband processing unit.

The single tone signal generated by the oscillator can be 

expressed as: ( ) = cos 2  +  ( )                      (1)
where is the frequency and ( ) is the phase noise.

The received signal ( ) is:( ) = cos 2 − 4 ( ) − − 2       (2)

where c is the speed of light. ( ) is the change of water level 

due to leakage or filling in the barrel.  is free space wavelength.

The baseband signal ( ) is the low-pass filtered portion of 

the product of the received signal ( ) and a copy of the 

transmitted signal ( ):( ) = cos 4 ( ) + ( )                   (3) 
where ∆ ( ) is the residual phase noise from the oscillator,

which can be neglected in the coherent interferometry radar.

A quadrature mixer is necessary to solve the issue of null 

detection points [8]. In-phase (I) and quadrature (Q) baseband 

signals can be obtained.( ) = cos 4 ( ) +                  (4)( ) = sin 4 ( ) +                (5)
where and are the amplitudes of I and Q channels. is 

the DC offset.

After removing the DC offset and normalizing and 

amplitudes, (4) and (5) can be converted to (6) and (7)

respectively. ( ) = cos 4 ( )                            (6)
( ) = sin 4 ( )                            (7)

Small angle approximation can be applied only to small 

displacements. For practical applications, nonlinear 

demodulation approach is considered more precise to recover 

the full phase information [9]. Arctangent demodulation is one 

of the most widely used method for nonlinear demodulation [9].

By using the arctangent demodulation, water displacement ( )
can be easily calculated:

( ) = 4 arctan ( )( ) +                            
= 4 arctan sin 4 ( )

cos 4 ( )  +              (8)
where is phase unwarping term, which is used to solve the 

discontinuity when the demodulation exceeds the range of

(− /2, /2).

Based on (3), it may be implied that phase modulation is 

inversely proportional to the carrier wavelength, so higher 

frequency will lead to better sensitivity in detection by 



producing more phase shift for the same amount of motion [10], 

[11]. However, shorter wavelength is more vulnerable to phase 

ambiguity. Higher carrier frequency implies shorter phase 

unambiguous range. For a 2.4-GHz interferometry radar, 

unambiguous range is 6.25cm, and a 5.8-GHz interferometry 

radar has the unambiguous range of 2.58cm. For example, if

water level changes more than  /2 between two samples, the 

radar cannot provide reliable measurement results without extra 

phase unwrapping steps. As a result, there is a tradeoff between 

sensitivity and unambiguous range.

B. Radar Design

In the previous work, as shown in Fig. 1, the gain in the 

receiver chain was allocated both in the RF domain and the 

baseband domain. It is known that the output of the mixer has 

DC offset, which is introduced by T/R leakage and reflections 

from stationary clutters. When the DC offset is amplified with 

the baseband signal by the baseband amplifier, the baseband 

signal could be easily out of the output voltage range if the bias

of the amplifier is not set correctly. Since the DC offset is 

sensitivity to the environment, it is necessary to continuously 

tune the bias of the amplifier to guarantee the baseband signal 

is always in the output voltage range [7]. This dynamic DC 

tuning leads to extra hardware, control algorithm, and power 

consumption.

To eliminate the requirement of dynamic DC tuning, in the 

proposed radar system shown in Fig. 2, all the receiver gain is 

allocated in the RF domain before the mixer. In this case, the 

DC offset from the output of the mixer will not be further 

amplified. Thus, it is possible to set an appropriate DC offset

that does not need to be tuned in real time, and ensure the 

baseband signal is within the dynamic range of the ADC.

III. EXPERIMENTAL SETUP AND RESULTS

The block diagram of the proposed water level monitoring 

5.8-GHz interferometry radar is illustrated in Fig. 2. A 5.8-GHz 

single tone is generated by a voltage-controlled oscillator (VCO) 

at power level of 11 dBm. This single tone signal is divided into

two paths. One path is connected to the transmitting antenna,

which has 11.8 dB gain. The other path serves as a local 

oscillator (LO) for the mixer. A MSP430 micro-controller was 

used to sample the baseband data and sent out the data wirelessly 

through a Zigbee module. The antennas used in the radar system 

is a pair of 2 × 2 patch arrays, which have the gain of 11.8 dB. 

The half-power beam width of the antennas is 46°. In the 

experiment, the change of the water level was controlled in a 

very slow rate, thus, 20 samples per second sampling rate for the 

baseband signals is enough.

The photo of the 5.8-GHz interferometry radar is shown in 

Fig. 3. Main components used in the radar are listed in Table I. 

Fig. 4 shows the experimental setup of water level monitoring. 

The radar, which was powered by an uninterruptible power 

supply (UPS), was mounted on the top of the barrel. The barrel 

was filled twice until full. Then, the faucet at the bottom of the 

barrel was open to drain the water. The draining speed was 

adjusted during the experiment, and the experiment was carried 

out for 10.5 hours. A laptop connected with a Zigbee coordinator 

was used to receive and recode the data.

Figure 6 is the time domain voltages, ( ) and ( ), for 

the I/Q channels. During the 0 - 0.4 hours and the 1.63 - 1.75 

hours, water was poured into the barrel with a smaller container.

Fig. 3. Photo of the 5.8-GHz interferometry radar.

TABLE I. MAIN COMPONENTS USED IN THE 5.8-GHZ INTERFEROMETRY 

RADAR

Part Part number Manufactory

VCO HMC358MS8G Analog Devices

Power Divider GP2X1 Mini-Circuits

LNA HMC320MS8G Analog Devices

Gain Block NBB 400 Qorvo

Mixer HMC525LC4 Analog Devices

Baseband Amplifier ADA4581 Analog Devices

Zigbee XBee Digi

Microcontroller MSP430 Texas Instruments

Fig. 4. Photo of the experimental setup.

Fig. 5. Photo of the Zigbee receiver and signal processing laptop.

Zigbee 
Module

Laptop



Between the 0.4 and 1.63 hours water was leaking very slowly. 

Staring from 1.75 hours, the water was made to leak from the

barrel at a higher rate till 2.8 hours. The water leakage rate was

manually increased at 2.8 hours, 4.73 hours and 5.76 hours.

Figure 7 shows the normalized constellation graph obtained 

for the 8 to 9 hours of measurement, when water leaked from the 

barrel. The constellation graph makes one complete cycle for 

every /2 change in the water level. For a 5.8-GHz 

interferometry radar, the constellation graph makes a complete 

cycle for every 2.58 cm change in water level. The displacement 

measurement from the constellation graph can be calculated as= 2 + 4                                   (10)
where, n denotes the number of complete circles. is the angle 

between the start and end of the trace. During the time duration

in Fig. 7, the curve makes two complete circles and an angle 

between the start and end of the curve. By accumulating the total 

angle in the constellation graph, the change of the water level 

can be obtained. It should be noted that the curve in Fig. 7 is not 

perfectly circular due to mismatch between the I and Q channels

and multipath reflections. However, the imperfectness doesn’t 
affect the accuracy of the measurement.

Figure 8 gives a clear picture of the water level profile in the 

barrel from the beginning to 10.5 hour. The rise in the curve 

signifies filling of water, the constant horizontal line indicates

that the water was neither leaking nor barrel was filled, while the 

decreasing curve signifies the leakage of water. The slope of the 

curve signifies the rate at which water was being added for case 

of positive slope of Fig. 8. The negative slope gives information 

about the rate of leakage. The positive slopes were very large 

which means that water was filled rapidly to the barrel. The 

leakage side showed variable slopes that signifies the different 

leakage speed of the water from barrel. The changes of the slopes 

are clearly seen at 2.8 hours, 4.73 hours and 5.76 hours, when 

the water leakage speed was adjusted. After 7 hours, since the 

water pressure was reducing, the water flow automatically got 

reduced. At 9.75 hours of measurement, the water in the barrel 

got almost empty. The total change in water level is 0.6 m, which 

is the same as the measured level by a tape.

Figure 9 shows an instance of the water flow profile from 1.6 

hours to 1.8 hours. In this period, water was filled into the barrel 

by a smaller container, which can be seen in Fig. 4. A stair shape 

can be clearly observed. Each jump in the curve implies filling 

one container of water. Ripples are also observed at the end of 

each water level jump. These ripples reflect the unstable water 

surface after water filling by a container. In addition, stronger 

ripples can be seen at lower water level, which means the 

disturbance of water surface by filling water is stronger when the 

water level is lower.

The water-level change rate curve is illustrated in Fig. 10. 

The instances, where the leakage rate of water was adjusted,

show sudden drops on the rate at 2.8 hours, 4.73 hours and 5.76 

hours. The decreasing in leakage can be clear seen from 6 hours 

to 9 hours as the water pressure was decreasing.

IV. CONCLUSION

In this paper, a 5.8-GHz interferometry radar was used to 

monitoring the change of water levels in a barrel. Different from 

a previous work, the proposed DC-coupled 5.8-GHz 

interferometry radar no longer required a DC tuning structure.

This was achieved by adding more gain in the RF domain and 

removing the gain in the baseband. Two-channel ADCs from a 

micro-controller were used to sample the baseband data. The 

digital data was transmitted through Zigbee and recorded by a 

computer. A 10.5 hours long time experiment had been taken to 

Fig.6. Time domain signals of I/Q channels.

Fig. 7. Normalized constellation graph for 8 to 9 hours of measurement.



evaluate the capability of the proposed water-level monitoring 

interferometry radar. This work proved that DC-coupling 

architecture can achieve high water level measurement accuracy 

during long-term operation. Future works will be focused on 

performing this experiment in realistic environment for a longer 

period of time and under various weather conditions, such as rain 

and strong wind.
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Fig. 8. Demodulated data.

Fig. 9. Water flow profile for 1.6 to 1.8 hour.

Fig.10. Water-level change rate.


